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Practitioner's Abstract
Weather conditions are the primary dairy production risk. Hot and humid weather
induces heat stress, which reduces both the quantity and quality of milk production. Tra-
ditional heat abatement technologies control the environment through ventilation, mist-
ing or evaporative cooling. Usually, they can increase the producers' expected pro¯t,
but cannot cover all the pro¯t losses from heat stress. Weather derivatives could re-
duce weather-induced pro¯t risk and thus act as a substitute for traditional abatement
technologies in the aspect of risk management. We test the risk management value of
weather derivatives in a utility maximization framework. The result is that weather
derivatives o®er an opportunity to improve the e±cient portfolio frontier, and simul-
taneously using weather derivatives and abatement equipment is more favorable than
using each of them alone.
Keywords: abatement technology, mean-variance e±ciency, pro¯t risk, weather deriva-
tives
Introduction
Weather conditions are the primary dairy production risk. Hot and humid weather
induces heat stress, which reduces both the quantity and quality of dairy production
(Barth; Thompson) . Traditional heat abatement technologies control the environment
through ventilation, misting or evaporative cooling (Turner et al.; Lin et al.) . Adoption
of abatement equipment, however, is hindered by its high initial cost and possibly long
payback period, especially for small- and medium-scale ¯rms. Moreover, the abate-
ment equipment is only seasonally useful. Weather-based derivatives are a relatively
new ¯nancial product that pay during undesirable weather conditions. These products
cannot reduce production risk but can o®set pro¯t losses. They can be purchased to
cover only certain time periods, and may be substitutes for abatement equipment at
the margin. The objective of this study is to test the risk management value of weather
derivatives to reduce weather-induced pro¯t risk and to act as a substitute to traditional
abatement technologies.
The analysis is conducted by ¯rst constructing two pro¯t models. One is for a
representative producer's pro¯t without using weather derivatives or abatement tech-
nologies; the other is for his pro¯t with using both of these two instruments. Then
the producer's optimal portfolio choice is derived in a utility maximization framework.
From the utility framework, the bene¯t of using weather derivatives for managing risk is
measured. The assumptions implicit in this paper are that (1) the producer has Pratt's
absolute risk aversion and choose mean-variance e±cient portfolios with a one-period
horizon; (2) weather conditions are the only common risk factor to all producers in
1summer; and (3) the market is fully e±cient in that there are no transaction costs,
indivisibilities, taxes, or basis risk.
The 35-year weather data of Summit County, Ohio are used for the empirical il-
lustration. Corresponding to the weather data, the representative producer's milk loss
from heat stress and reduced loss from using abatement are derived by employing
the results of St-Pierre, Cobanov, and Schnitkey (SCS) . Our result is that although
abatement technologies are e®ective at reducing economic losses from heat stress, using
weather derivatives can signi¯cantly increase the producer's utility compared to only
using traditional abatement technologies.
Background Knowledge
Weather derivatives have several unique properties. The payo® is calculated based on
a weather index. So weather derivatives have an advantage over traditional insurance
for hedging against weather-related losses. Because there is no need to prove damages
to receive payo®s, there is little moral hazard. Moreover, since weather information is
perfectly symmetric, adverse selection is eliminated.
Weather derivatives have been the focus of much research. Dischel argues that due
to the non-tradable nature of weather, weather derivatives cannot be valued by the
Black-Scholes option pricing model, and instead a stochastic Monte Carlo simulation
with a weather forecast model may be more e®ective. Turvey examines the weather
e®ects on crop yields and states that weather derivatives might be used as a form of
agricultural insurance. Cao and Wei propose a model for daily temperature, which
can incorporate several key properties such as seasonal cycles and uneven variations
throughout the year and develop a pricing model based on Lucas' equilibrium asset
pricing model. Diebold and Campbell propose a non-structural time series model of
daily average temperature, which incorporates seasonal changes of temperature levels
and variations throughout the year. Most previous research only examines temperature
and/or rainfall derivatives to manage weather risk for energy and ¯eld crop markets. To
our knowledge, there has been no research on the potential of using weather derivatives
to hedge against livestock pro¯t risk.
Economic losses are induced in the dairy industry when e®ective temperature con-
ditions are out of dairy cows' thermal comfort zone. According to SCS, heat stress in
dairy cattle is a function of the Temperature-Humidity Index (THI, also known infor-
mally as the `heat index'). Johnson reports that a THI higher than 72 degrees is likely
to have adverse e®ects on per-cow yield. In SCS, it is suggested that the threshold of
THI to trigger heat stress should be lowered to 70 degrees because of the lower heat
tolerance of the current selection of dairy cows. So 70 degrees is used as a threshold for
risk from heat stress, THI threshold. According to NOAA , the standard formula of THI
is: THI = T { (0.55 { 0.55 RH) (T { 58), where T is temperature in degrees Fahrenheit
and RH is relative humidity in percent. Since RH is is expressed as a percentage, it is
2easy to see that THI is positively correlated with temperature.
Theoretical Analysis
Consider a dairy producer who produces without using abatement equipment or weather
derivatives. His pro¯t is e y = P ¢ e Q¡TC, where P is milk price, e Q is the stochastic yield,
and TC denotes a total cost. For analytical simplicity, it is assumed there is no price
risk; therefore price is normalized to unity. The tilde (e ) denotes a random variable.
Suppose expected pro¯t of a producer is his historical average, ¹, so the di®erence
between e y and ¹ is his pro¯t risk. The pro¯t risk is orthogonally decomposed into
two parts. One is systematic risk which comes from weather conditions; the other is
nonsystematic risk which re°ects the individual's production variability not arising from
weather and is assumed uncorrelated with weather conditions.
(1) e y = ¹ + µ ¢ f(e x) + e ";
where
e x = E(e z) ¡ e z (2)
e z = max(] THI ¡ THI threshold; 0) (3)
µ = cov(e y;f(e x))=var(f(e x)) (4)
E(e y) = ¹; E(e ") = 0; var(e ") = ¾
2
e "; cov(e z; e ") = 0; cov(e x;e ") = 0: (5)
The coe±cient µ quanti¯es the sensitivity of the producer's individual pro¯t to
systematic risk. The factor e z, which is common to all producers in a region, measures
the degree of heat stress, and the factor e x denotes the weather condition compared to
its expectation. If e z is lower than E(e z), that means the heat stress is milder than its
expectation. In this case, e x is positive. And f(e x) captures systematic risk and increases
with e x. The functional form of f(e x) is assumed to be linear, i.e. f(e x) = ®¢ e x, where ®
is a positive parameter of the linear relationship. The ¯nal term e " is a nonsystematic
risk component.
Then equation (1) becomes,
(6) e y = ¹ + µ ¢ ® ¢ e x + e " = ¹ + ¯ ¢ e x + e "
where
(7) ¯ = cov(e y;e x)= var(e x):
Suppose that weather derivatives are available for purchase. Since here the risk is
from excessively high THI, weather derivatives that will be used are focused on weather
call options. The underlying index is ] THI, and the strike price is THI threshold. The
3payo® from a weather call option is:
(8) e n = max(] THI ¡ THI threshold; 0) = e z:
The hypothetical1 option premium is calculated on the basis of actuarial fairness. So
purchasing weather options cannot change the producer's expected pro¯t. The option
premium equals the expected payo®:
(9) ¼ = E(e n) = E(e z):
Also suppose that the producer is free to choose his abatement equipment invest-
ment ´ ( ´ ¸ 0 ; where ´ = 0 means he does not install abatement equipment). By
using abatement equipment, the production loss from heat stress can be reduced. The
biological functional form of the e®ectiveness of abatement equipment is formulated as:
(10) ¢loss = g(´; ] THI) = (a + b ¢ ] THI) ¢
p
´
where ¢loss is the reduced pro¯t loss, i.e. the pro¯t gain from using abatement, ´ is
abatement investment,2 and a and b are parameters.
It is easy to see that ¢loss is increasing with ´ and ] THI. When ´ = 0; ¢loss is also
equal to 0. And with ¯xed ´; ¢loss is increasing with ] THI. That is because although
the pro¯t is low when ] THI is high, the reduced pro¯t loss will be high with abatement
equipment; on the other hand, when ] THI is low (i.e. weather is good), the abatement
equipment is not of much use, so the reduced loss is low. Since the net pro¯t from using
abatement technology is (a + b ¢ ] THI)¢
p
´ ¡ ´, that is to say if ] THI is high enough,
the net pro¯t from investing abatement equipment will be positive; otherwise, the net
pro¯t is negative.
With weather options and abatement equipment, the producer's net pro¯t equals:
(11) e y
net = e y + Á ¢ (e n ¡ ¼) + ¢loss ¡ ´
where Á is weather option purchase amount. Therefore, there are two elements that the
producer is free to choose: spending on weather options, Á, and spending on abatement,
´. It is assumed these two choices are determined simultaneously in a portfolio taking
the remaining parameters as given.
The producer's optimal portfolio choice of weather option purchase and abatement
investment is derived using a utility maximization model.3 The producer is assumed to
1There has not been a weather derivative on THI in the security market yet.
2Since abatement equipment is useful for many years once installed, the installation cost is annu-
alized at a certain rate (say 15%) for yearly analysis. When \burn-rate" method is used to forecast
weather, the expected THI will vary little over years. So, the producer's yearly optimal decision on
weather option purchase amount and abatement investment will not change much over years once
determined based on current information. This is a simple one-period, one-agent model.
3This framework is equivalent to expected utility maximization if (net) pro¯t is distributed normally
4have a mean-variance utility function of




where A is an index of agents' aversion to taking on risk. Then the representative
producer's objective is to choose his optimal option purchase Á and abatement spending
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p
´cov(] THI;e z) + 2Áb
p
´cov(] THI;e z)]:
Take ¯rst order condition with respect to Á and ´ respectively,
(16) Á¾
2
e z ¡ ¯¾
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e z + b
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2cov(] THI;e z)] = 0:
Then equation system of (16) and (17) can be solved simultaneously.
It follows from (16) that
(18) Á



















It follows from (18) that:
Proposition 1 . The optimal weather option purchase amount is decreasing with
abatement equipment investment. Thus it indicates that weather options can act as
and producers' utility function is exponential. See Pratt (1964) and Meyer (1987).
5a substitute for abatement equipment.



















] THI(1 ¡ ½2
] THI;e z) > 0; since the
correlation coe±cient ½] THI;e z 2 (0;1).
Since ¢loss = (a+b] THI)¢
p
´, this inequality (a+b¹] THI) > 0 implies that abatement
investment can reduce pro¯t loss from heat stress. Then the numerator of (19) is also
positive. So it follows that:
Proposition 2 . The optimal abatement investment is positive.
And Proposition 3 also follows from (19):
Proposition 3 . The optimal abatement investment is negatively related to the pro-
ducer's risk aversion degree (i.e. A ). That is, the more risk-averse the producer, the
less he would invest in abatement equipment.
By substituting (19) back into (18), it follows:
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= ¯ ¡ b(a + b¹] THI) ¢
½] THI;e z¾] THI
[2 + Ab2¾2
] THI(1 ¡ ½2
] THI;e z)] ¢ ¾e z
:
From (20), it follows that:
Proposition 4 . The optimal option purchase amount is increasing with ¯. That
means that the more the producer's pro¯t is sensitive to the systematic risk, the more
options he should purchase, ceteris paribus.
It also follows from (20):
Proposition 5 . The optimal option purchase amount is increasing with producer's
risk aversion degree, A.
Proposition 6 . The optimal option purchase is decreasing with a and b.
By substituting (20) and (19) back into (15), the maximized increased utility from
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p












e z ¡ 2¯b
p
´cov(] THI;e z) + 2Áb
p
´cov(] THI;e z)]:
It is also viable to compare it with the cases in which the producer only uses one
of these two instruments. The simultaneous usage of weather options and abatement
equipment will be more favorable. So, weather derivatives can act as a substitute for
traditional abatement technologies.
Data and Empirical Results
Data
For the empirical part of the study, we need to estimate equations (6) and (10). Three
types of data are needed: weather data, pro¯t data and abatement investment data.
The 35-year (1949 to 1964 and 1984 to 2002) weather data of Summit County, Ohio
are used.4 The weather data include daily maximum and minimum temperature and
daily maximum and minimum relative humidity. Daily temperature and dew point5
both follow routinely seasonal patterns each year. So the \ burn-rate" method works
well with them for pricing weather options. Daily maximum temperature-humidity
index (THI) can be derived from daily maximum temperature and minimum relative
humidity.6 Note in the models, ] THI corresponds to maximum THI. When maximum
THI is lower than 70 degrees in a day, there is no heat stress for dairy cows.
Corresponding to the weather data, a representative producer's milk loss from heat
stress and reduced loss from using abatement equipment are generated by employing the
results in SCS.7 Abatement investment cannot change in a relatively long period once
¯xed. Also weather options are assumed to be written on summer basis, i.e. the payo®
is cumulative e n of a summer and premium is the expected payo®. Thus, equations (6)
and (10) are estimated based on cumulative summer data. Summer period is set from
May 1st to Oct. 31st every year, because 97% of heat stress occurs in this period.
4It is a quite common phenomenon that daily relative humidity data are missing across weather
stations in NOAA database.
5Dew point measures how much water vapor is in the air. In many places, the air's total va-
por content varies only slightly during an entire day, and so it is the changing air temperature
that primarily regulates the full variation in relative humidity. Related information can be found
at: http://www.usatoday.com/weather .
6In a day, the maximum THI is in the afternoon, when the temperature is highest and relative
humidity is lowest; and the minimum THI is at night, when the temperature is lowest and relative
humidity is highest.
7See the Appendix for detail.
7Table 1 shows the descriptive statistics of the cumulative summer weather data.
And ¯gure 1 is the histogram of cumulative e z.
Estimate ¯ in Equation (6)
Following SCS, THI threshold is set as 70 degrees. From the weather data and the SCS
milk loss model, we calculate the daily milk loss during summers of the 35 years
and the corresponding daily ] THI. Then by accumulating the milk loss and e z =
max(] THI ¡ THI threshold; 0) during each summer in the 35 years, we have 35 obser-
vations of accumulated pro¯t loss and e x = E(e z)¡e z. From a least squares regression, ¯
is estimated, which is 0.5635 kg milk per cow. That is to say each degree of e z beyond
its mean will induce 0.5635 kg milk loss. The milk price is set as $ 0.287/kg as in SCS,
so the milk loss is $ 0.1617 per degree of e x.
Estimate a and b in Equation (10)
We put the daily summer weather data into the SCS abatement e®ect model8 to cal-
culate the daily reduced THI corresponding to seven abatement levels. Multiplying
the estimated ¯ and milk price, we calculate the reduced pro¯t loss (in dollars) due to
abatement investment (in dollars). The daily reduced pro¯t loss and THI are accumu-
lated for each summer. Thus there are 35 observations of accumulated reduced pro¯t
loss and accumulated THI for each of the seven abatement investment levels. By a least
squares regression, a and b are estimated as -57.4080 and 0.005107 respectively.
Results
In the following three scenarios, the producer's risk aversion level, which is represented
by Pratt's Absolute Risk Aversion (PARA), is set as 0.20.9
Scenario 1: With the estimates of a, b and ¯, we can calculate the optimal portfolio
choice and the corresponding increased utility.
8In SCS there are three abatement e®ect models corresponding to three abatement intensity levels.
The ¯rst model is for only using fans or sprinklers; the second model is for a combination of fans
and sprinklers; and the third model is for a speci¯c system, the Korral Cool system, which is used in
the Southwest and other dry and hot areas. In the research, we use the second model, and based on
this model, we linearly simulate six abatement e®ect functions corresponding to six di®erent ¯xed cost
levels. See Appendix B.
9See, for example, Pratt (1964). Note that in this paper, we make no assumption about whether
the risk aversion parameter is constant, decreasing, or increasing with initial wealth levels. We are
studying a representative farmer faces an opportunity to buy weather options which will not change
his expected wealth level and needs to decide how much money to invest on weather options. So we
have an implicit assumption that changes of expectation and variance of pro¯t due to using abatement
equipment and weather options will not a®ect his risk aversion degree.
8By equations (19) and (20), for a yearly management decision, the optimal abate-
ment investment for a cow is 16.4275 dollars, and the optimal option purchase amount
is 0.13535 shares (i.e. $ 75.2821) per cow. The maximized increased utility is 52.3362
dollars in certainty equivalent.
Scenario 2: If the producer only uses abatement system to manage production risk,
the optimal investment level is 26.7004 dollars per cow. The increased utility is 28.7252
dollars.
Scenario 3: If the producer only uses weather options to manage pro¯t risk, the
optimal purchase amount is 0.16171 shares (i.e. $ 89.9429) per cow. The increased
utility is 35.6091 dollars.
The annual net revenue from a dairy cow typically is around $ 330.10 And according
to our data, the mean and variance of the annual revenue loss due to heat stress are
$ 49.6856 and 411.1898 respectively. Thus by the mean-variance model, the utility
loss of a farmer with PARA of 0.20 is (¡49:6856 ¡ 1
2 ¢ 0:2 ¢ 411:1898) = ¡90:8046
dollars in certainty equivalent. In scenario 1, with using both weather options and
abatement equipment, the increased utility is 52.3362 dollars in certainty equivalent.
So the optimal use of these two instruments can reduce utility loss by 57.64%.
Figure 3 shows the increased utility corresponding to di®erent PARAs in the three
scenarios. The PARAs range from 0 to 0:30. The optimal portfolio choices bring more
utility than only using abatement equipment or weather options. If the producer's
PARA is less than 0.14, using abatement equipment alone will bring more utility than
using weather options alone; if his PARA is higher than 0.14, using weather options
alone will be more favorable than using abatement equipment alone. An extreme case
is that the producer is risk neutral, i.e., his PARA is zero. Then using weather options
will bring no bene¯t to him because weather options are actuarially-fairly priced. Hence
the increased utility from optimal portfolio is equal to that from solely using abatement
equipment, which is 17.0322 dollars in certainty equivalent.
Table 4 shows that the representative producer's portfolio decisions vary with his
risk aversion level. With the increase of Pratt's absolute risk aversion, the producer's
optimal weather option purchase is increasing and his optimal abatement investment is
decreasing; also the increased utility is increasing.
Suppose the producer can choose the strike prices of weather options, in scenario
3, the optimal strike price is 70 degrees no matter what level his PARA is. But for
scenario 1, no theoretical results of the optimal strike price can be derived. In table
4 and ¯gure 4, we see that the increased utility is ¯rst increasing and then decreasing
with the strike prices. The maximum increased utility corresponds to 71 degrees. That
is because the e®ectiveness of abatement equipment is also increasing with heat stress
and thus abatement equipment to some extent is also an insurance tool.
10It is calculated based on Gayle S. Willett's report \How Much Debt can a Dairy Cow Carry?" at
http://cru.cahe.wsu.edu/CEPublications/eb1762/eb1762.html.
9Cross Validation Analysis
We can test the robustness of our results by Cross-Validation. Speci¯cally, we use every
34-year data out of the 35-year data to estimate the ¯ in milk loss model [equation (6)]
and a and b in abatement e®ect model [equation (10)]. From the parameter estimates,
we derive the optimal portfolio choice, i.e. Á¤ and ´¤ . And we do the out-of-sample
evaluation of the net pro¯t from using weather options and abatement equipment by
applying the optimal portfolio to the year left. We do this 35 times by successively
omitting one of the 35 observations each time.
Table 5 shows that the estimates of ¯ , a , and b are quite robust. For instance,
the mean of the 35 estimates of ¯ is 0.5636 kg/cow, and the standard deviation of
these estimates is 0.03421. And the corresponding optimal portfolio choices are robust
as well. We compare the pro¯t loss without using these two instruments and the net
pro¯t loss with using them. The risk aversion degree is still set as 0.20 here. We
¯nd that the mean of 35 out-of-sample pro¯t loss is -49.6856 dollars, and the standard
deviation is 20.2778; the mean of 35 out-of-sample net pro¯t loss is -32.6066 dollars,
and the standard deviation is 7.9889. Thus, we see that using weather options and
abatement equipment can signi¯cantly reduce both the mean of pro¯t loss from heat
stress in summer and their variance.
From validation analysis, we also observe that there are 25 out of the 35 years where
the net pro¯t from using the optimal portfolio is positive. The maximum is 71.8474
dollars and the minimum is -11.9750 dollars. That means in most cases, optimally
using weather options and abatement equipment can increase net pro¯ts. Moreover,
negative net pro¯t from using these instruments only happens when weather conditions
favor milk production, namely the milk losses are relatively low. Therefore, using
weather options together with abatement equipment can smooth the producer's yearly
net revenue. That is a desirable result for a risk averse producer.
Conclusion
This study is the ¯rst paper to investigate the potential of weather derivatives in hedg-
ing against livestock pro¯t risk, which mainly concerns the pro¯t risk from heat stress
in hot and humid summers. A representative dairy producer's pro¯t risk is decomposed
into systematic risk from weather conditions and idiosyncratic risk which is uncorre-
lated with weather condition. With the access to hypothetical weather derivatives and
abatement equipment, the producer's optimal portfolio choice of these two instruments
is derived in a mean-variance utility maximization framework. The results suggest
that weather derivatives can act as a substitute for abatement technologies and the
simultaneous usage of them is more favorable than using each of them alone.
This paper provides a link of the burgeoning weather derivatives literature in agri-
cultural economics to a real-world application in which an easily-quanti¯able weather
10metric (daily THI in excess of a biological threshold) is the primary source of production
risk for a major agricultural commodity. Further, unlike other possible applications of
weather derivatives, dairy is unique in that weather derivatives are likely substitutable
for capital investment in heat abatement equipment, such as fans or water misters.
This research also raises many questions of relevance to the economic community,
such as the optimal contract design, basis risk from location di®erence between weather
derivatives and actual production area, whether the existence of these contracts rein-
forces economies of scale in dairy production, what level of sophistication is required to
e®ectively utilize these tools, and ¯nally, what size of a dairy is required to use weather
derivatives. These questions may be of interest for further research.
Appendices
A. Milk Loss Function
The milk loss model in SCS (2003) is: MILK loss = 0:0695 ¤ (THI max ¡ THI threshold)2 ¤
Duration, where MILK loss is in kilogram, and Duration is the proportion of a day
where heat stress occurs (i.e. THI max > THI threshold).11
With the assumption that daily THI follows a perfect sine function with a period
of 24 hour,12 the process to calculate the Duration of heat stress:
THI mean = (THI max + THI min)=2
if THI max < THI threshold
Duration = 0
elseif THI min >= THI threshold
Duration = 24
elseif THI mean > THI threshold
Duration = (PI ¡ 2 ¤ arcsin(
THI threshold¡THI mean
THI max¡THI mean ))=PI ¤ 12
else Duration = (PI + 2 ¤ arcsin(
THI mean¡THI threshold
THI max¡THI mean ))=PI ¤ 12
end
where PI = 3:1415:::
B. Abatement E®ect Function
In SCS, for a 50 m2 cow pen, which can hold 7.1759 dairy cows, when the annualized
¯xed costs are $310, the corresponding operating costs are $0.0685/hour of operation.
11This equation is applicable to dairy cows maintained in a system of minimal cooling.
12This assumption is set for accounting for the extent and cumulative severity of heat stress within
days. It is stated that this assumption underestimates duration of heat stress at higher latitudes in
summers, but gains in accuracy from using more complex models are overall small.
11And the abatement e®ect is: ¢THI = ¡17:6+(0:36¤T)+(0:04¤H), where ¢THI is
the change in apparent THI, T is ambient temperature (±C), and H is ambient relative
humidity in percent.
Based on the above speci¯cations, we linearly simulate six abatement e®ect functions
corresponding to six ¯xed cost levels. The six ¯xed cost levels are 130, 190, 250, 370,
430, 490 dollars respectively. That is, all the parameters in a simulated model are
proportional to those in the SCS model, with the proportion equal to the ratio of ¯xed
cost levels.
We de¯ne the reduced pro¯t loss by:
¢loss = max(min(THI max ¡ THI threshold; ¢THI); 0) ¤ ¯ ¤ MILKprice.
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18Table 5: Cross Validation Parameter Estimates
^ ¯ ^ a ^ b
Mean 0.5636 -57.3957 0.005107
Standard Deviation 0.03421 3.5007 0.0002722


















Figure 1: Histogram of Cumulative e z












































                                               Summer Accumulated  x ˜
Figure 2: Estimate Pro¯t Sensitivity ¯ in Equation 6


































Figure 3: Increased Utility with Di®erent PARAs
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